Four adult right-handed chronic stutterers and four age-matched controls completed H 2 15 O PET scans involving overt and imagined oral reading tasks. During overt stuttered speech prominent activations occurred in SMA (medial), BA 46 (right), anterior insula (bilateral), and cerebellum (bilateral) plus deactivations in right A2 (BA 21/22). These activations and deactivations also occurred when the same stutterers imagined they were stuttering. Some parietal regions were significantly activated during imagined stuttering, but not during overt stuttering. Most regional activations changed in the same direction when overt stuttering ceased (during chorus reading) and when subjects imagined that they were not stuttering (also during chorus reading). Controls displayed fewer similarities between regional activations and deactivations during actual and imagined oral reading. Thus overt stuttering appears not to be a prerequisite for the prominent regional activations and deactivations associated with stuttering.
have been found between the regional activations of stutterers and controls during rest-state conditions, these unusual neural systems appear to be essentially related to the overt speech of stutterers (Braun et al., 1997; . This raises the possibility that these unusual activations may simply be consequences of the unusual speech-motor activity that typifies stuttering (Ludlow, 1999) . However, many of these unusual activations have been located in premotor regions [e.g., supplementary motor area (SMA) and right lateral BA 6], which suggests that stuttering not only implicates the motor system, but also the preplanning phase of speech motor production. If this is the case, then stuttering-related activations should occur independent of the actual production of stuttered speech and, if they are functionally related, then be less evident in conjunction with the production of stutterfree speech. Similar arguments might also apply to the prominent deactivations that Fox et al. (1996) identified in areas BA 21/22 and BA 47, regions that are typically activated during speech-related tasks in normal speakers (Frith, Friston, Liddle, & Frackowiak, 1991; Wise et al., 1991) . In other words, stuttering may be functionally controlled by a relatively abnormal neural system that is activated (or deactivated) independent of motor behavior, or during the preparatory phase of speech production.
Recent neuroimaging studies have suggested that motor imagery may be functionally close to motor preparation in the brain. Kohl and Roenkker (1989) , for instance, argued that imagined movements are closely related to actual movements and partially share a common neurophysiological substrate. Their argument is supported by findings from a number of studies that have used neuroimaging to study real and imagined movements (Decety, 1996; Grafton, 1996; Leonardo et al., 1995; Luft, 1998; Parsons et al., 1995; Rao et al., 1993; Roland et al., 1980; Stephan et al., 1995) . For instance, Leonardo et al. (1995) reported finding activations in motor cortex when different finger movements were imagined, while Luft et al. (1998) found that activations in cerebellum during finger movements were also prominent (albeit more variable and not as strong) when those same movements were imagined. These findings lead to the reasonable conclusion that the regional activations associated with stuttering might also be evident when stuttering is imagined. More importantly, if stuttering-related activations also occur during imagined stuttering, then it should be possible to identify regional activations that do not simply reflect the physical occurrence of instances of stuttering and might be fundamental to the disorder.
For some time stuttering has been largely conceptualized as a speechmotor disorder (Peters & Hulstjin, 1987; Zimmermann, 1980) , a point of view that focused much stuttering research on the investigation of motor activity in stutterers. However, it is debatable as to whether this has been a fruitful investigative approach (Ingham, 1998) . For instance, this approach shifted interest away from the role played by the auditory system, which is clearly implicated in stuttering (Bloodstein, 1995) and may interact with the motor system in ways that are as yet unclear. Stutterers also display other abnormal movements during nonspeaking tasks, which suggests that the disorder involves more than the speech-motor system. For example, stutterers display slower and poorer timing skills during sequential finger-tapping tasks (Webster, 1993) . They also often display unusual saccades during silentreading tasks (Bakker et al., 1991; Brutten, & Janssen, 1979) and relatively slower silent-reading rates that might, in turn, be related to the preplanning phase of speech production (Bosshardt, 1990; Prins et al., 1997) .
Stuttering is almost immediately eliminated during a number of fluencyinducing conditions that also do not appear to directly implicate the motor system (Bloodstein, 1995) . Notable among these is chorus reading. When a stutterer reads aloud accompanied by another person reading aloud the same text (in chorus), then stuttering is usually reduced or eliminated. Unlike some fluency-inducing conditions (e.g., rhythmic and prolonged speech), chorus reading does not appear to rely on the production of aerodynamically or perceptually unusual speech (Ingham et al., 1998; Ingham & Packman, 1979; Stager et al., 1997) .
Finally, the previously mentioned recent neuroimaging studies on stuttering have also verified that cortical and subcortical systems, in addition to the motor system, are associated with stuttering behavior (see Ingham, 1998) . Consequently, the extent to which these systems are implicated, independent of overt stuttering, might also be more easily clarified by contrasting the neural system of stutterers when they imagine they are speaking and stuttering and then when they imagine they are speaking and not stuttering.
The present study was designed to determine whether overt stuttered speech is a prerequisite for the regional activations and deactivations that stutterers produce during actual stuttered speech by systematically replicating the H 2 15 O PET scanning study by Fox et al. (1996) . In the Fox et al. study 10 right-handed stutterers and 10 age-matched dextral controls were scanned during rest, while reading aloud paragraphs (Solo), and while reading aloud the same paragraphs along with an audio recording of an accompanist reading the same passage (Chorus). The results showed that during Solo reading all stutterers produced stuttering, produced fewer syllables, and were rated as producing more unnatural sounding speech than the controls. During Chorus reading, by contrast, there was no stuttering and the stutterers and the controls produced similar speech rates and similar speech naturalness ratings. Cerebral blood flow (CBF) data showed that when they were stuttering, the stutterers displayed distinguishing and significant activations in SMA, superior lateral premotor cortex (SLPrM; BA 6) on the right, and more right lateralized M1 (BA 4) and inferior lateral premotor (ILPrM; BA 44/ 45/46) activations. Additional activations not found in the controls were located in thalamus and insula. Cerebellar activations were remarkably prominent with more than double the number of significantly activated voxel cluster in comparison to the controls. Significant deactivations were located in the auditory association area (A2; BA 22), mainly on the right.
The present study used a subset of the experimental (n ϭ 4) and control (n ϭ 4) subjects from the Fox et al. (1996) study along with the identical chorus-reading task. The only difference from the Fox et al. study was that in the present study the subjects imagined they were reading aloud. In other words, the stutterers imagined that they were reading aloud and stuttering or reading aloud and not stuttering (during chorus reading), while the controls simply imagined they were reading aloud, with and without chorus reading conditions. Hence, this study was designed to investigate whether the principal regional activations and deactivations that characterized stuttering during overt speech would also be present when stuttered speech was imagined and whether these regional activations and deactivations would change when stutter-free speech was imagined.
METHODS
Four right-handed adult males (30-46 years) with chronic developmental stuttering and four dextral normally fluent males (28-50 years) served as subjects; all had been subjects in a H 2 15 O PET study by Fox et al. Each subject completed nine scans, three during each of three conditions: eyes-closed rest (Rest), unaccompanied oral paragraph reading (Solo), and accompanied oral reading (Chorus). The paragraphs (from Abbey, 1975) were the same as those used in Fox et al. and were presented on a video monitor 14 inches from the eyes. During Chorus conditions each subject heard a tape recording of a normally fluent speaker reading aloud the same paragraphs via an earphone inserted into the left ear. The recorded reading material was heard at a speaking rate preselected by each stutterer as most comfortable. The matched control was presented the Chorus recording at the same rate as the matched experimental subject.
During Solo the stutterers were instructed to ''imagine, as well as you possibly can, that you are reading aloud. At the same time imagine that you have occasions of stuttering, just as you normally do when you read aloud.'' During Chorus they received similar instructions, except they were told to imagine reading the passage aloud without stuttering, just like the speech they had produced in the original study. The controls were simply instructed to imagine reading aloud during Solo and Chorus. For at least 2 weeks prior to the experiment the subjects were carefully and extensively trained to follow these instructions and to do so without any speech-related movement. A scanning session was scheduled only after each subject agreed that he was able to perform this task successfully. At the completion of each Solo and Chorus scan, subjects were asked (1) to indicate the last word they read when the experimenter instructed them to close their eyes at the end of the 40-s scanning period (this made it possible to calculate the number of words read under each condition) and (2) to rate, on a 3-point scale, how confident they were that they had imagined reading aloud and stuttering or speaking fluently (Extremely confident, Moderately confident, or Not at all confident) and whether they noticed any oral movements while doing so.
The mean number of syllables read in 40 s by the stutterers during Imagine-Solo ranged from 79.4 to 120.0 and during Imagine-Chorus it ranged from 121.2 to 130.2 (the counterpart ranges during Overt-Solo in the previous study were 103.7 to 134.3 and during Overt-Chorus they were 138.0 to 151.0). Twelve comparisons were possible between the number of syllables read by the stutterers during Imagine-Solo and Imagine-Chorus conditions; in only one were fewer syllables read in Imagine-Chorus conditions (129 vs 131). The mean number of syllables read by the controls during Imagine-Solo ranged from 128.3 to 168.5 and during ImagineChorus from 109.6 to 136.3 (the counterpart ranges during Overt-Solo were 127.7 to 167.7 and during Overt-Chorus they were 134.3 to 145.3). In short, during the Imagine conditions the stutterers displayed a slower reading rate during Solo when compared with Chorus, which is consistent with the slower rate that they displayed during the Overt-Solo conditions in relation to Overt-Chorus conditions. In other words, the subjects' oral reading rates were consistent with their claim to have realistically imagined they were stuttering or not stuttering because occasions of stuttering slow down speaking rate. No subject reported noticing any oral movements during any reading task and only one subject (on one scan) gave less than an Extremely confident rating for judging how confident they were that they had realistically imagined reading aloud and, when relevant, stuttering or not stuttering.
As in the Fox et al. study, task-induced changes in neural activity were detected as changes in regional tissue uptake of 15 O-water. PET and magnetic resonance image (MRI) data were spatially normalized into the bicommisural coordinate space (Talairach & Tournoux, 1988) and averaged by condition and by group. Grand-mean images for Solo and Chorus conditions were compared to Rest, forming two group-mean subtraction images: Solo minus Rest (hereafter labeled Solo) and Chorus minus Rest (hereafter labeled Chorus). After confirmation of omnibus significance by change-distribution analysis, the subtraction images were converted to statistical parametric images of z-scores with all voxels eliminated that were below a zscore value of 1.96 ( p Ͻ .01). From the uncorrected image analysis the significant regional activations and deactivations, plus voxel clusters, were then identified initially by eliminating all voxels below a z-score value of 3.72 ( p Ͻ .0001). This criterion was then used to identify regional activations and deactivations where at least three of the four stutterers or controls were represented at the local maxima voxel for a particular regional voxel cluster that was equal to or greater than 15 voxels. The Talairach (Talairach & Tournoux, 1988) coordinates for the local maxima voxel are shown in Appendices 1-8. Figures 1 and 2 (see below) show the significant activations in red, while the significant deactivations are shown in dark green. The group Overt condition data were obtained from these subjects' data gathered during the Fox et al. (1996) study. The Imagine condition data were derived from the present study.
RESULTS
Image (figures) and voxel cluster size comparisons of regional activations and deactivations (bar graphs within tables) are presented for the Overt and Imagine conditions for the stutterers and controls. Appendices 1-8 provide the Talairach coordinates for the local maximally activated or deactivated voxel within a particular regional cluster. The first section of the results considers comparisons between the overt and imagined speech tasks for the Solo conditions by the stutterers and controls, while the second section compares Solo and Chorus during overt and imagined speech by the stutterers and controls. The prominent regional activations are identified except when a FIG. 1. Brain activations and deactivations for four stutterers during two conditions: oral paragraph reading (Overt) and imagined oral paragraph reading (Imagine). Overt stuttering was recorded for all subjects during Overt-Solo PET scans that were averaged and then subtracted from Rest scans to form the Overt images. Imagined stuttering was reported by the same subjects during subsequent Imagine-Solo PET scans that were also averaged and then subtracted from Rest to form the Imagine-Solo images. Planes are axial sections labeled with the height in millimeters relative to the bicommissural line. Significantly activated regions are shown in yellow-red and significantly deactivated regions are shown in green. Activated regions referred to in text are indicated with purple arrows, while white arrows indicate deactivated regions referred to in text.
larger proportion of significantly deactivated voxel clusters occurred in a region. The same principle was adopted in identifying the prominent deactivated voxel clusters.
Solo
The Solo conditions show comparisons between PET data that were gathered when the stutterers were reading aloud and stuttering (Overt) or imagining they were reading aloud and stuttering (Imagine). The controls were either reading aloud (Overt) or imagining they were reading aloud (Imagine). The Talairach z coordinate level images highlight regions referred to in Fig. 3 .
Stutters. Figure 1 shows the significant brain activations and deactivations for the Overt-Solo paragraph reading alongside of the Imagine-Solo paragraph reading by the four stutterers. The figure shows axial sections with the height identified relative to the bicommissural line (z ϭ x mm). The left hemisphere is shown on the left. Figure 3 shows the total number of significantly activated voxels in each region of interest (ROI) for the stutterers (n ϭ 4) and controls (n ϭ 4) for Solo conditions during the Overt and Imagine speaking tasks. The voxels are shown for the left-and right-hemisphere ROIs. Appendices 1-4 provide the Talairach coordinate details, including in Appendices 3 and 4 the total number of significantly deactivated voxels in each ROI.
Rather predictably, the significant activations during Overt-Solo resemble those obtained in the Fox et al. study for the stutterers. There were highly significant activations in right SMA (from z ϭ 58 to 42 mm, see arrows) along with right-sided SLPrM (z ϭ 50 mm, see arrow). M1 (BA 4) showed extensive bilateral activation, but more substantially on the left (z ϭ 34 mm, see arrow). The ILPrM area, BA 46 (z ϭ 26 mm, see arrow), was strongly activated on the right, while anterior insula was activated bilaterally (z ϭ 2 mm, see arrows). Cerebellar activations were very prominent and were mainly located bilaterally in the posterior declive (z ϭ Ϫ14 mm, see arrow) and posterior uvula (z ϭ Ϫ22 mm, see arrow).
In the Imagine-Solo condition for the stutterers there were also highly significant activations mainly in right SMA (z ϭ 58 to 42 mm, see arrows)
FIG. 2.
Brain activations and deactivations for four controls during two conditions: oral paragraph reading (Overt) and imagined oral paragraph reading (Imagine). Overt oral reading was recorded for all subjects during Overt-Solo PET scans that were averaged and then subtracted from Rest scans to form the Overt images. Imagined oral reading was reported by the same subjects during subsequent Imagine-Solo PET scans that were also averaged and then subtracted from Rest to form the Imagine-Solo images. Planes are axial sections labeled with the height in millimeters relative to the bicommissural line. Significantly activated regions are shown in yellow-red and significantly deactivated regions are shown in green. Activated regions referred to in text are indicated with purple arrows. and in other regions overlapping those activated during Overt-Solo. The right SLPrM activations failed to reach a level of significance during ImagineSolo. A smaller area of M1 (BA 4) was activated on the left (z ϭ 42 mm, see arrow). ILPrM (BA 46; z ϭ 18 mm, see arrow) was again activated on the right, but at a more inferior z level than during Overt-Solo. Anterior insula was also activated bilaterally (z ϭ 2 mm, see arrows), though slightly more inferiorly than during the Overt condition. There were also extensive bilateral cerebellar activations in posterior declive (z ϭ Ϫ14 mm, see arrow), but the other highly significant cerebellar activations did not overlap those obtained during Overt-Solo. Finally, there were strong activations in the parietal lobe (BA 7 left, z ϭ 50 mm, see arrow; BA 40 right, z ϭ 34 mm, see arrow) that did not occur during the Overt condition. The extensive occipital lobe activations evident in Fig. 1 (especially from z ϭ 10 mm to z ϭ Ϫ6 mm) were expected for both the Overt and Imagine conditions because subjects were reading in both conditions.
Significant deactivations during the Overt-Solo conditions were obtained in left frontal lobe (BA 47) as well as bilaterally in the parietal lobe (BA 7, 40 , approximately z ϭ 34 and 26 mm on the figure). Highly significant deactivations were also reported in the temporal lobe (A2, BA 21/22; z ϭ Ϫ14 mm, see arrow) mainly on the right. Posterior insula was also deactivated bilaterally. During the Imagine-Solo conditions, deactivations were also obtained on the left in BA 47 and in the parietal lobe (BA 7) as well as in the right temporal lobe (A2, BA 21/22; z ϭ Ϫ6 mm, see arrow). There was also overlap between regional deactivations for the Imagine and Overt conditions in cingulate (bilateral) and right posterior insula.
In summary, there was considerable overlap between the activations in the premotor (SMA, BA 46), insula, and cerebellar regions (posterior declive) when stuttering occurred (Solo) and when subjects imagined that it was occurring. Prominent deactivations in the frontal, parietal, and temporal lobes also showed overlap between the Overt and Imagine conditions. However, there were also some prominent regions where overlap did not occur. As expected, the prominent M1 (BA 4) activations during the overt conditions showed little activation during the Imagine conditions, and this was also true for basal ganglia. Cerebellar activations were also less extensively activated in the Imagine condition, although still more than in the controls (see below). Conversely, in the Imagine conditions there were strong activations in the parietal lobe (BA 7 left; BA 40 right) that did not occur during the Overt conditions. In other words, most of the regions that showed prominent activations for the stutterers in the Fox et al. study were also significantly activated during Imagine speech conditions. And, to a somewhat lesser extent, this also was true for the deactivations.
Controls. Figure 2 shows the significant brain activations and deactivations for the Overt-Solo paragraph reading alongside of the Imagine-Solo paragraph reading by the four controls. Figure 3 also shows the magnitude of significantly activated voxels for the controls. Appendices 2 and 4 show the Talairach coordinates, while Appendix 4 provides, as well, the significantly deactivated voxels (Appendix 4).
The resemblance between the Overt-Solo and Imagine-Solo activations that were found for the stutterers did not occur with the controls. During the Overt-Solo conditions the controls showed relatively weak and nonsignificant SMA and SLPrM (left) activations, but there were much stronger activations in those regions during the Imagine conditions (z ϭ 58 and 50 mm, see arrows). The expected difference between the M1 (BA 4) activations in both conditions did occur (z ϭ 42 to 26 mm, mainly on left), but all other frontal lobe regions commonly associated with speech production (BA 44, 45, and 46) failed to reach highly significant levels of activation. Posterior temporal lobe activations (A2, BA 21/22) were bilaterally activated in the Overt conditions (z ϭ 2 mm, see arrows) and were actually significant on the right side during the Imagine conditions (z ϭ Ϫ2 mm, not shown in figure) . Left hemisphere activations in thalamus and basal ganglia during the Overt conditions (not shown in figure) did not overlap activations in the Imagine conditions. The cerebellar activations in the Overt and Imagine conditions actually did overlap considerably; this was particularly true for the bilateral activations in posterior declive (z ϭ Ϫ14 mm, see arrows) and the right-sided activations in anterior culmen.
The deactivations for the controls were widely distributed within both the Overt and Imagine conditions. With the exception of left-hemisphere deactivations in SMA and bilateral deactivations in cingulate, however, there was little commonality between the deactivations during the Overt and Imagine conditions. However, posterior insula was deactivated bilaterally in the Overt condition (as it was in the stutterers) and on the left in the Imagine condition (it was on the right for the stutterers).
In summary, there were relatively few indications that the neural regions activated (or deactivated) during overt paragraph reading by normally fluent controls overlapped those that were activated (or deactivated) when these individuals imagined they were reading aloud the same material.
Solo versus Chorus
As mentioned above, chorus-reading conditions were employed within the Fox et al. study in order to compare regional activations that occur during stuttering (i.e., during Solo) with those that occur when stuttering is temporarily removed during chorus-reading conditions. A comparison of differences between these conditions was then used to identify regions that might be functionally related to stuttering. In the present study the same comparison was made in order to learn if the regional activations that are changed when stuttering is actually removed also change when stutterers imagine their stuttering is removed. Therefore, this section first shows comparisons between significant activations and deactivations under two conditions: (1) OvertSolo (see Fig. 3 ) compared with Overt-Chorus and (2) Imagine-Solo (see Fig. 3 ) compared with Imagine-Chorus (Appendices 5-8 show coordinate details for Chorus conditions).
Stutterers. Figure 4 compares the significantly activated voxel-cluster sizes for the four stutterers during Overt-Solo and Overt-Chorus conditions and also for Imagine-Solo and Imagine-Chorus conditions. The selected regions are the same as those reported in the Fox et al. study. A comparison between the Overt and Imagine activations for Solo and Chorus conditions for the stutterers is quite striking. In almost every region where there were changes from Solo to Chorus conditions during Overt conditions there were changes from Solo to Chorus conditions during the Imagine conditions. In other words, significant activations during the Solo conditions (when subjects imagined they were stuttering) showed reduced areas of activation during the Chorus conditions (when subjects imagined they were not stuttering). The exceptions were in M1 (BA 4), the right temporal lobe (which was expected because in Chorus subjects were listening to the stimulus tape in the left ear), and in only one region of cerebellum (posterior declive of vermis). Reductions in significant activations that were common to both the Overt and Imagine conditions were found in SMA, BA 46, anterior insula, and in posterior declive within cerebellum. Other activations within cerebellum showed few similarities between the Overt and Imagine conditions. The previously noted activations in the parietal regions (BA 7 and 40) during SoloImagine conditions (but not Solo-Overt conditions) were also reduced during Chorus-Imagine conditions.
The deactivations in the Overt and Imagine conditions showed trend changes that were common in only one area, cerebellum. There was a change from left to right hemisphere prominence in the Overt conditions that also occurred in the Imagine conditions. However, the strong deactivations in BA 21/22 in the right hemisphere during Overt-Solo were replicated in the Imagine-Solo conditions and, as expected, showed less deactivation in the Chorus tasks in both conditions.
Controls. Figure 5 compares the significantly activated voxel-cluster sizes for the four controls during the Overt-Solo and Overt-Chorus conditions and also for the Imagine-Solo and Imagine-Chorus conditions. Unlike the stutter- ers, however, it was not possible to identify a systematic pattern of Solo-toChorus changes in activations that were similar in the Overt and Imagine conditions. The changes in temporal lobe activations were expected because of the Chorus auditory stimulus (although right A1 activations failed to reach significance for the Imagine-Chorus condition). However, stronger activations in thalamus during Overt-Chorus compared to Overt-Solo did not occur in Imagine conditions; likewise, strong SMA and SLPrM changes in Imagine conditions were not identified in Overt conditions. A similar pattern of reduced resemblance between the trend in Overt and Imagine conditions also appeared in the deactivation data.
In summary, for the stutterers there was a pattern of change in activations from Solo to Chorus that was common to the Overt and Imagine conditions within four ROIs: SMA, BA 46, anterior insula, and posterior declive within cerebellum. Other changes within cerebellum were not consistent across Overt and Imagine conditions. However, in the controls there was little evidence of parity between the pattern of change in the Overt and Imagine conditions. This latter finding was not entirely unexpected because the changes in speech-related ROI activations and deactivations from Solo to Chorus conditions were also relatively small in the Fox et al. study.
DISCUSSION
The findings of this study generally offer a clear answer to the question posed in the title of this article: Overt stuttering is not a prerequisite for most of the principal regional activations that Fox et al. and other neuroimaging studies report to be associated with stuttering behavior.
1 During overt stut-1 It should be noted that two other PET studies on stuttering have reported findings that are not entirely consistent with those reported by Fox et al. (1996) -especially with respect to SMA-but there are some reasons why this might be. Wu et al. (1995) conducted an FDG PET study (also using Solo and Chorus reading, but not Rest) and found that the motor, auditory, and limbic regions, mainly in the left hemisphere, were less active during Solo than during Chorus for the stutterers-they were also less active among their controls during any condition. SMA was unmentioned in this study because scanning was not extended to the level of SMA. In a H 2 15 O PET study, Braun et al. (1997) used a complex hierarchy of conditions: rest, oral motor tasks, and spontaneous speech; plus two fluency-inducing conditions, rhythmic and rehearsed speech. They also reported prominent right-hemisphere activations among a mixedgender population of stutterers and age-matched controls. From comparisons between averaged ''dysfluent'' (stuttered) and averaged fluent speech activations (minus oral-motor task activations) it was concluded that anterior forebrain regions associated with motor function were disproportionately active, while the post-rolandic regions were relatively silent. There was no significant correlation between stuttering frequency and SMA or cerebellum, although stuttering frequency was positively correlated with some right-hemisphere motor regions and negatively correlated with auditory related regions. Unfortunately, at least three methodological issues make it difficult to compare this study with the Fox et al. study: (1) Braun et al. failed to control for gender effects on speech activation hemispheric symmetries (see Shaywitz et al., 1995) , (2) activation data were averaged across two linguistically different ''dysfluency-tered speech there were prominent activations in SMA (medial), BA 46 (right), anterior insula (bilateral), and cerebellum (bilateral) plus deactivations in right A2 (BA 21/22). These activations and deactivations also occurred when the same stutterers imagined they were stuttering. There was one important exception: right SLPrM, strongly activated during overt stuttering, was only weakly activated when stuttering was imagined. On the other hand, some parietal regions (BA 7 and BA 40) were significantly activated during imagined stuttering, but not during overt stuttering. Equally interesting were changes in levels of activation that occurred within regions when stuttering was temporarily eliminated. When overt stuttering ceased (during chorus reading conditions), most regional activations showed directional changes identical to those that occurred when subjects imagined that they were not stuttering (while reading silently during identical chorus reading conditions). However, among the controls there were few similarities between regional activations and deactivations during actual and imagined oral reading.
The present study adds support to claims that stuttering is associated with an abnormal neural system involving SMA, ILPrM, A2, anterior insula, and cerebellum. These findings are consistent with performance correlation data that Fox et al. (in press) derived from the original Fox et al. (1996) study. The correlations between regional activations and either stuttering frequency or syllables spoken showed that these same regions were positively or negatively (for A2) correlated with stuttering frequency. Fox et al. (1996) argued that this pattern of neural activity highlights the need for a more encompassing theory of stuttering. The findings are certainly partially consistent with theories that have focused on SMA (Webster, 1993) or audition (Stromsta, 1986 ) as causal sources of stuttering. The present study suggests that both of these neural regions must be implicated in stuttering and that the source might be found among neural systems responsible for preprogramming an utterance.
A number of studies have pointed to neural regions that should be functionally related to oral reading-the basic task in the present study. A review of PET studies of reading aloud single words by Fiez and Petersen (1998) highlights a number of ROIs that were also prominent within the present study. They found that medial SMA, M1, superior and middle temporal cortex, anterior cingulate and bilateral regions in cerebellum were consistently activated by reading tasks. Anterior cingulate did not appear within the present study, which, in turn, may relate to differences between reading aloud single words and reading aloud paragraphs. Not a great deal is known about regions specifically activated during aloud paragraph reading, although some information can be gained from studies that have investigated sentence genevoking'' conditions, and (3) across two ''dysfluency-reducing'' tasks that required substantially different speech rates. eration during PET. For instance, Müller et al. (1997) found that the ''strongest activation for sentence generation (minus repetition) was seen in the left middle and inferior frontal gyri (area 46) . . .'' [which is] ''. . . anterior to activations reported for single-word generation, possibly due to greater verbal working memory demands of the sentential task' ' (1997, p. 3767) . In the present study BA 46 was also strongly activated in the stutterers (though not the controls) and on the right. The absence of strong activations in BA 44/45 in the present study, incidentally, also aligns with recently reported findings by Murphy et al. (1997) . They compared silent mouthing with uttering a short phrase and found that the latter produced ''bilateral activations in sensorimotor and motor cortex . . . together with activations in thalamus, cerebellum, and supplementary motor area'' (Murphy et al., 1997 (Murphy et al., , p. 1438 , but no significant activation in BA 44/45. Wise et al. (1999) found that repeating single words aloud during PET also failed to activate Broca's area, but did produce activations in the anterior insula, a localized region in the lateral premotor cortex, and the posterior pallidum. This is consistent with the overt Solo activations in the present study for both the stutterers and for the controls.
As mentioned in the introduction, imagining motor behavior in general and speech in particular has often been reported to produce similar activations to those reported for the overt behavior, but the findings do not always precisely mirror those obtained during overt behavior. For instance, Stephan et al. (1995) compared the execution and imagining of movements during PET and found (like the present study) that imagining movements led to additional activations in left primary sensorimotor cortex and some adjacent areas. Tasks involving repeating imagined words or imagining speech during PET with dextral adult male subjects have also produced activations in areas related to overt speech production. Paulesu et al. (1993) reported significant bilateral activations in SMA; M1; BAs 44, 40, 22/42, 18; insula; and cerebellum during a task involving silent rehearsal of single words. By contrast, McGuire et al. (1996) found that imagining saying short sentences produced maximal CBF increases only in Broca's area (BA 44/45) and, to a lesser extent, in the left inferior parietal lobe (BA 40). In the present study BAs 7 and 40 were also active during imagined but not overt stuttering (and nonstuttering). Those same areas have also been found active during fMRI with relatively demanding imaging tasks that, for instance, involve sensory feedback discrepancies or rotating objects (Cohen et al., 1996) .
Of particular interest in the present study were the temporal lobe activations and deactivations. In the Fox et al. (1996) study it was reported that during Solo conditions the controls showed strong activations in the anteriortemporal extraprimary auditory cortex (A2, BA 21/22), but in the stutterers there were strong deactivations in this region. There is considerable evidence with normal subjects that the A2 area is not only active during overt speech, but is also active during covert speech. An fMRI study by Calvert et al. (1997) involving lip reading illustrates this point. Their most intriguing finding was the activation of lateral temporal auditory cortex during silent lipreading and the observation that these activated areas overlapped with those reported to be active during auditory speech processing (Binder et al., 1994; David et al., 1996) . Thus, A2 activation might be expected during overt and covert speech, but in the present study the controls only displayed A2 activation during overt speech. However, the stutterers in this study did display prominent A2 deactivations in the left and right temporal lobe during overt speech and in the right temporal lobe during the Imagine-Solo condition. This is consistent with the results of a large amount of research that has shown that stuttering is associated with an unusual or aberrant auditory system (see Bloodstein, 1995) . More direct confirmation of the present findings is provided in a recent study by Salmelin et al. (1998) that used whole-head magnetoencephalography (MEG) with dextral stutterers and controls during Solo and Chorus conditions. Salmelin et al. concluded that the basic functional organization of the auditory cortices was different in stutterers and controls during speech. Furthermore, as in the present study, this difference was reported to be much more pronounced during Solo conditions and much less pronounced during Chorus conditions.
The finding in the present study that anterior insula was bilaterally activated during overt and imagined stuttering is particularly interesting. In recent years there has been a growing interest in the role of insula in speech and especially in speech disorders (Bennett & Netsell, 1999) . Much of that interest has been stimulated by the results of a study by Dronkers (1996) on brain lesions among 25 stroke patients. All of the patients who had displayed articulatory planning deficits, or dyspraxia, were found to have lesions that included anterior insula; those who did not display dyspraxia did not have lesions in this ROI. Dronkers identified this region's Talairach coordinates as Ϫ41, Ϫ2, 10. In the present study the local maxima cordinates for the stutterers' anterior insula during overt stuttering were more superior (Ϫ29, 10, 8), but a cluster of significant voxels surrounding that site did overlap the region identified by Dronkers. These findings are also consistent with a number of reports of insula's involvement with expressive aphasia (e.g., Mazzocchi & Vignolo, 1979) and Paulesu et al.'s (1993) finding of increased CBF in insula during silent rehearsal of single words. Using MEG, Kuriki et al. (1999) also found that left insula activations preceded the onset of utterances in normal speakers. In the present study the finding that this region was also significantly activated during imagined stuttering is also consistent with Dronker's suggestion that abnormal insula activity may be implicated in disorders involving articulatory planning. Thus it appears that anterior insula may have a far more important role in stuttering than had been previously thought.
The finding that cerebellar activity was unusually active during imagined stuttering, as it was during overt stuttering, is at least consistent with recent reports that cerebellum is involved in sensory processing rather than just motor control (Barinaga, 1996; Fiez, 1996; Gao et al., 1996) . The interaction between cerebral and cerebellar regions was also highlighted in a recent fMRI study by Liu et al. (1999) . Using a tactile discrimination task during fMRI, they showed that the time course of cerebellar activity was significantly correlated with SMA activity, but not with M1 (BA 4) activity. In contrast, basal ganglia activity was more strongly associated with M1 activity than with SMA activity. This is certainly consistent with the strong SMAcerebellum activations that occurred among stutterers in the present study. Nevertheless, it should be noted that similar effects might have also occurred merely because the stutterers produced unusual tongue contractions during the Solo task. Corfield et al. (1999) , for instance, found that tongue contractions will produce activations in a number of ROIs, including SMA, insula, thalamus, and cerebellum.
As mentioned in the introduction, there is considerable evidence that stutterers display many signs of unusual neural activity (see Bloodstein, 1995) , but the source of that activity has been generally unspecified. In addition to the problem of the auditory system (see above), there is considerable evidence that stutterers do display unusual right-hemisphere processing of speech (see Moore, 1984) and difficulties in sequencing finger tapping-a problem that has been related to SMA (Webster, 1993) . A nonimaging study by Prescott (1988) also offers some independent verification of unusual premotor activity. In this study event-related potential indices (CNVs) were recorded over the motor area of stutterers and nonstutterers prior to uttering words. CNV differences between the groups only occurred while uttering sequences of identical words, which Prescott argued ''suggests that stutterers have difficulty in setting up the parameters of the response, rather than in ongoing programmed control'' (Prescott, 1988, p. 259) .
The failure to find a resemblance between oral reading and imagined oral reading among the controls in the present study raises a number of issues. This is the first study to report a comparison between these two tasks in normally fluent speakers and so it is possible that these tasks do not normally activate similar neural regions. On the other hand, this study used a relatively small number of subjects and so the effects may not have reached statistical significance. This possibility seems especially likely because neither SMA nor ILPrM was significantly activated during the Overt conditions, yet they were activated by controls in the original Fox et al. (1996) study, which included these four control subjects. At issue is whether this finding threatens the interpretation of the findings obtained with the stutterers, and that does not seem to be the case. The present study clearly shows that the activations and deactivations that characterize overt stuttering are also present when stuttering is imagined. That finding appears to be quite robust, despite the small number of subjects. It may well be, however, that this finding simply reflects the very extensive differences between the neural systems of stutterers and normally fluent speakers during speech production.
One important practical consequence of the present study is that it now makes it possible to investigate important aspects of stuttering using fMRI. The limitations of PET for repeated imaging and the temporal analysis of neural events have restricted its application to some aspects of stuttering. The present study, for instance, cannot provide information on the neural changes that occur before, during, and after occasions of stuttering-be the stutterings real or imagined. That may now be possible by using fMRI in conjunction with PET. For instance, if subjects were able to signal the onset and duration of moments of imagined stuttering during fMRI scans, then this might make it possible to identify the regional activations and deactivations that are directly related to stuttering and not to a period of speech that contains a combination of stuttered and nonstuttered speech (as is the case in PET studies). With fMRI investigations using imagined behavior it may now be possible to identify the neural substrates of self-judged stuttering and nonstuttered disfluency. Given other developments, such as transcranial magnetic stimulation (Fox et al., 1997) or a recently developed method for tracking neural pathways using fMRI (Conturo et al., 1999) , there is growing optimism that the definitive neural system associated with stuttering may soon be isolated. Note. The Asterisk indicates largest of more than one cluster in a region. Note. An asterisk indicates largest of more than one cluster in a region. 
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Note. An asterisk indicates largest of more than one cluster in a region.
